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INTRODUCTION 


Modern  high  precision  frequency  control,  oelection,  and  timekeeping 
applications  impose  extremely  tight  tolerances  on  the  frequency -temperature 
behavior  of  crystal  resonators J These  applications  make  it  necessary  to 
carry  out  systematic  investigations  into  a number  of  effects  once  considered 
too  small  to  warrant  attention.  Some  of  these  effects  include  the  influence 
of  mass-loading  on  resonator  frequency*^"^  ^ and  on  temperature  coefficient  of 
f i?equencyj^2-1 5 as  well  as  the  effect  on  temperature  coefficient  of 
harmonic and  of  operation  at  either  resonance  or  antiresonance. ^7, '2-15 

The  effect  of  incremental  angle  changes  has  also  been  investigated, 
primarily  by  Bechmann.^  results  treat  variations  in  a single  angle 

only  and  are  limited  to  first  order  changes.  However,  they  were  adequate  for 
many  years  until  the  advent  of  the  most  recent  requirements . ^ with  a view 

toward  meeting  these  requirements,  a search  along  the  lines  of  earlier  work^O 
*.ras  made  to  detemine  the  sensitivities  of  resonator  design  parameters  and 
characteristics  to  angular  changes. 2"'  An  outgrowth  of  that  stucfy  was  a 
detemination  of  angle  sensitivities  in  the  vicinity  of  axes  of  symmetry; 
these  results  apply  directly  to  that  most  widely  used  crystal  plate — the 
AT-cut.  This  report-  describes  how  angle  variations  from  the  prescribed 
orientation  of  the  AT-cut  affect  the  frequency-temperature  behavior. 


Crystal  plate  orientation  is  described  most  generally  in  terms  of  three 
angles.  For  thickness  modes,  the  direction  perpendicular  to  the  plate  thick- 
ness is  of  no  consequence,  and  orientation  is  specified  by  two  angles, 
and  0 , as  shown  in  Figure  1.  The  standard  notation  ior  a doubly  rotated  cut 
is22  (YXtfl)<^/0.  The  AT-cut  is  a member  of  the  rotated-Y-cut  family,  and  as 
such  it  is  a singly  rotated  cut  specified  by  a single  angle  0,  with 
0 ® Its  orientation  may  be  specified  as  (Yaw1)0°/6  - +35*25°  or  as 

simply  (m)e  = +35.250. 

The  AT-cut  plate,  with  V “ 0,  contains  the  digonal  symmetry  axis  X. 

This  feature  requires  the  vanishing  of  the  elastic  constants 

°25’  'l6'  '35’  '36’  “Ss’  ‘^6’ 

and  the  vanishing  of  the  piezoelectric  constants 


®22*  ®23’  ®2U’  ®32^  ®33^  ®3U* 

with  the  consequent  results  that  the  desired  mode  (the  slow  shear  mode)  is  a 
pure  mode  and*  that  most  of  the  important  quantities  have  a zero  y*  derivative 
so  that  departures  in  y are  only  manifested  in  second  order. 

Variations  in  y , about  the  value  zero,  arise  invariably  as  a result  of 
manufacturing  processes;  and  the  effects,  particularly  on  the  temperature 
coefficient  of  frequency,  are  no  longer  negligible  and  are  described  in  this 
report . 
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mSQDENCT>nfPBtAT(]RB  BBUTIOR 

Following  w«  miiko  a powwr  Mries  expanaion  about 

rwfwrMiM  tMpwratun  Tq,  of  tha  wlbrator  fraqoMoyt 

f - fo  + ( »fo/9  T)(T-To)  *^9  ho/9  t2)(T-To)2  + 

V6(  * •••,  (1 ) 

n 

whera  ^ ^o  maana  a“f/o  1^)^  . . For  almost  all  applications  It  la 

^ 'o 

Bufflolant  to  stop  with  n • 3.  Vlth  tha  abbravlatlons  Af  >■ 

AT  - T-Tq,  and  T^">.  I WO  bava 

nlf^  Qfi 

Af  ■ Tp)  • at  + • AT^  + • AT^, 

*0 

or  aa  la  uaually  wrltton 

Af  ■ a^  aT  ♦ bo  AT2  ♦>  Oo  AT^.  (2) 

^o 

Tha  axparlmantal  valuoa  for  aoi  bo>  and  0q»  and  the  inflection  tenperature 

Ti-Io  - -bo/3oo,  (3) 

ara  glran  In  Tabla  1|  whara  Tg  ■ 2|^C,  and  fo  is  takan  as  the  antiresonanee 
fraqoomqr  In  tha  aboanoa  of  naaa-loadingy  ^Ao- 


TABU  1 . TBffBATatl  COSFFICIBITS  OF  masmCI  FCB 
IRK  AT-GUT  AT  ITS  RVBtBIGE  A1»U. 


degraaa 

ro*/K 

iS'/k'- 

,o-'Vk» 

*Cc/«t  ut 

Uf3ing  the  values  of  ao,  bo,  and  co  from  Table  1 in  (2)  generates  the 
curve  of  Af/f©  versus  AT  shoim  in  Figure  2 for  Ad  ■ 0,  The  anfp.e  devia- 
tion A0  equals  (0-do)»  where  0q  Is  usually  taken  as  but  will  raxy 

somewhat  depending  on  mass-loading,  hannonlc,  eto» ' ' Departures  from  the 

reference  angle  have  been  shown  to  produce  experimentally  the  family  of 
curves  in  Figure  2.  This  angular  variation  has  been  eharaoterlzed  by  making 
a Taylor  series  expansion  in  A0,  and  retaining  one  term  each  in  AO  for  Sq, 
bo,  and  Cq* 

In  order  to  Incorporate  the  effect  of  variations  in  y , as  well  as  0, 
a generaliutlon  of  the  Taylor  series  approach  Is  described  In  the  following 
section  and  applied  to  the  AT-out* 

ANCHILAR  VARIATIONS  IN  </>  AND  0 

The  Taylor  sertes  in  two  variables  can  bo  written 

P(x+A,  tj+B)  ■ F(x,  y ) + (A  8/ox+B  0/«y  ) F(x,y  ) + •*• 

+ (A*/ax+B  'i/iij  P(x,y  )/nI  + •••  , (U) 

Lotting  F “ Tp^j  x,i|  ■ 0,f  ; A,B  ■ A0,  Af  , and  retaining  terms  up  to 
second  order  gives 

a - ag  + ( aao/aO)*  A0  + (0ao/&V>  + ’#(  a 2,^^  e^).  AO^  + 

(B  2aQ/d00/j)‘ A0  Af  +’s(3  2^/5^)  AV>2,  ($) 

Similar  expressions  result  for  b and  c,  but  as  the  hlg^r  angular  variations 
of  the  second  and  third  order  temperature  coefficients  are  negligible  ooni- 
pared  to  the  variations  In  the  first  order,  they  ore  not  used  further*  It  is 
sufficient  to  retain  only  the  A0  terns  In  b and  c,  as  done  by  Beobmannt'^ 

b - bg  + (abp/0  0)*  A0  , (6) 

c ■ Cq  + ( 3 Cq/3  0)*  A©  (7) 


Consider^ 
frequency,  T^’' 

given  In  Table  2 
the  change  In  Tk 


now  only  the  first  order  tomperat\u«  coefficient  of 
- a,  the  numerical  values  of  the  various  derivatives  are 


Insertion  of  those  values  in  (^)  penoits  calculation  of 
a,  due  to  angle  changes: 


Aa  ■ (a-So)  - ( 0ao/8  0)  • A0  + ( )•  A<p  + 

02).a02  + (d\/d9  9^e  )•  A0  AV>  + 

A«p2.  (8) 


k 


Figure 


TABLE  2.  ANQLE  DERIVATIVES  OF  TOE  FIRST-ORD31 
TIMPERATORE  COEFFICIENT  OP  FREQUENCY, 


CUT 

da,/3G 

. 

d\./d90^ 

/o  *A.  "0 

/•“‘A,  > 

/oVk,  (•$)* 

/oVKjby) 

/o"Vk/v)* 

AT 

-S.oB 

o 

-#•0. 

0 

-17.  99 

r 


i 


The  mmerioal  values  in  Table  2 reduce  (8),  with  excellent  accuracy,  to 

A a - (aao/ae)-  AQ  + Af2  (9) 

o that,  for  constant  a a,  a parabola  descirlbes  the  resulting  curve, 
jttlng  A a ■ 0 yields  the  curve  of  Figure  3*  which  describes  the  locus  of 
constant  first  order  temperature  coefficient.  For  any  other  constant  value 
of  A^a,  the  parabola  is  simply  shifted  up  or  down  along  the  A0  axis. 

For  doubly  rotated  cuts  in  general,  where  the  reference  angle  for  ^ 
is  not  zero,  the  cuive  will  not  be  symmetric  about  a y = O,  owing  to 
nonzero  values  for  9aQ/df  .2' 

Figure  3 may  be  used  in  a variety  of  ways,  but  its  chief  virtue  is 
that  it  allows  one  to  determine  the  trade-off  between  variations  in  f and 
in  9.  It  is  seen  that  an  offset  in  fi  always  leads  to  a cuinre  of  aT/Tq  vs, 
T that  appears  to  have  a lowered  0 value  (cf.  Figure  2).  When  a given 
application  dictates  eiror  bounds  on  A0,  Figure  3 Immediately  determines 
the  corresponding  bounds  on  AjZf.  This  leads  to  consistency  in  speoiflca- 
tions  and  cost  savings  because  errors  in  Aj2f  can  be  traded  off  against 
errors  in  A6,  and  yields  can  be  increased. 

An  appllcatlon.might  lead  to  a specification  of  a maximum  and  a 
minimum  value  for  T^ ' ^ ■ a.  Call  these  a-]  and  ag.  For  each  of  these 

values,  (?)  deteimlnes  a parabola  of  A0  against  A0.  The  region  between 
the  paral^las  determines  the  cctnblnaticns  of  A0  and  A0  angles  such  that 
the  resulting  plate  temperature  coefficient,  T^^ will  lie  between  ai  and 

Specification  of  this  region  rather  than  strict  bounds  on  A0  and 
separately  maximizes  manufacturing  yield. 

Table  3 provides  information  in  numerical  form  similar  to  that  in 
Figure  3 • 
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TABLE  3.  angle  DBTEATIONS  YIRI.nrNQ 

TBMFERATnRE  COEFFICIENT  SHIP 


i 


A 

A6 

A V 

A e 

minutes 

seconds 

minutes 

seoonds 

0 

0 

0 

0 

5 

-O.Oli 

23.8 

-1 

10 

-0.18 

33.6 

-2 

1$ 

-o.Uo 

ia.2 

-3 

20 

-0.71 

U7.5 

-U 

25 

-1.11 

53.1 

-5 

30 

-1.59 

58.2 

•6 

35 

-2.17 

62.9 

-7 

liO 

-2.83 

67.2 

-8 

U5 

-3.59 

71.3 

-9 

50 

-U.U3 

75.1 

-10 

55 

-5.36 

78.8 

-11 

6o 

-6.38 

82.3 

-12 

65 

-7.U9 

85.7 

-13 

70 

-8.68 

88.9 

-U 

75 

-9.97 

92.0 

-15 

80 

-11.3 

95.0 

-16 

85 

-12.8 

98.0 

-17 

90 

-lli.U 

100.8 

-18 

95 

-16.0 

103.6 

-19 

100 

-17.7 

106.2 

-20 

CONCLUSIONS 


Stringent  frequency  oontrol  epedflcatlons  require  that  the  rarioue 
parameters  affecting  the  frequency-temperature  behavior  of  eryetd  vibrators 
be  Identified,  and  their  Influences  detemlned.  This  report  providea  the 
relations  from  which  changes  in  the  temperature  coefficient  doe  to 
In  both  orientation  angles  can  be  calculated.  The  results,  in  tabular  md 
graphical  foms,  are  provided  as  a practical  aid  in  epecll^ing  toleraneoe. 
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